Abstract -We report an jet rollable nanoimprint lithography tool as a low cost method to produce micro-and nano-structures rapidly over large areas. We integrated a piezoelectric nozzle to deposit resist in-line in a low-waste, high-precision manner. We demonstrate the capabilities of this system by creating a variety of microstructures in SU8 resist with high pattern transfer fidelity.
I. INTRODUCTION
Nanoimprint lithography (NIL) has emerged as an effective nanofabrication method due to its low cost, high resolution, and reasonable throughput [1] . Recently, roll-toroll version of nanoimprint lithography (R2RNIL) is an especially attractive method because it significantly increases the throughput of conventional NIL by a few orders of magnitude. Therefore rollable NIL paves a way for the production of nanostructures on an industrial scale at significantly lowered costs compared to existing methods such as planar NIL, e-beam lithography, and optical lithography methods [1, 2] . R2RNIL could be employed on a variety of substrates and resists, enabling greater flexibility in industrial application and product design. This could have a profound effect in industries that have not traditionally been associated with nanomanufacturing, such as novel drug delivery systems in medicine [3, 4] , or food and cosmetic products [5] . Ahn and Guo et al. have shown excellent results for R2RNiL using the gravure process of material deposition, but this method mandates the application of resist to the entire substrate [6, 7] . While some R2RNIL applications are well-suited to the broad deposition of resist along the entire imprint area, given the precise nature of the industry it is likely that more precise resist application methods may be beneficial.
We realize that piezoelectric jetting of fluids is highly controllable as demonstrated in micro-inkjet printing processes. Therefore we implemented a jet rollable nanoimprint lithography tool (JR-NIL) using a piezoelectric nozzle to deposit resist in-line in a low-waste, high-precision, high uniformity manner. We demonstrate the capabilities of this JR-NIL system by creating a variety of microstructures in SU8 resist with high pattern transfer fidelity.
II. EXPERIMENTAL

A. Webline and Roller Configuration
As shown in Figure 1 , the machine was designed and implemented in a closed loop configuration, with a 2" wide strip of polyethylene terephthalate (PET) used as the web (or belt). The idle rollers defining the web path are 3" diameter aluminum rollers with a 6" face width. The belt is moved by a pair of driving rollers that advance it at 0.9"/min. Maintaining the web tension is important to ensure that the driving rollers can maintain adequate friction to keep the web moving forward; this task is handled by a pivoting roller unit that weighs down on the web, thereby inducing a constant tension. The finished JR-NIL system is shown in Figure 1c .
B. Inkjet Device
Piezoelectric nozzles are widely used in the printing industry to quickly and precisely deposit a variety of fluids. They function reliably and allow a high degree of control over droplet output. This same accuracy lends itself well to nanomanufacturing. We used a nozzle and printhead assembly from Microfab Technologies, mounted on a custom frame with 15" of travel lateral to the belt motion and 6" of travel up and down. The nozzle can travel laterally at 50mm/s. Nozzle travel and the voltage waveform that controls the piezoelectric nozzle are controlled by a computer program. The inkjet nozzle setup is shown in Figure 1a .
C. Imprint Roller
The imprinting roller unit consists of a stationary upper roller and a lower roller supported by a screw placed over a load cell with a 100lb maximum measurement capability. Twisting the screw raises and lowers the lower roller, and once it begins to press against the upper roller the load cell registers the total force being applied. Approximately 40 lbf can be applied to the imprint roller before the force of imprinting overcomes the forward force applied by the driving rollers and the webbing comes to a halt. The schematic of RL-NIL process is shown in Figure 1b .
D. Curing System
After jetting and/or imprinting, samples are immediately placed under a stand-alone UV lamp for 10 seconds to begin crosslinking of the resist, followed by heating at 85°C for 20 minutes to cure. The machine has provisions to attach a UV lamp for curing during a continuous process. 
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E. Resist Material
SU8 was chosen as the resist for this proof-of-concept study because it is a common resist with well-understood properties, as well as a variety of applications. Its viscosity and surface tension are important properties with the inkjet device and the flow considerations of a nanoimprint molding process, can be easily tailored by dilution with the solvent cyclopentanone (SU8 thinner). SU8 cures rapidly under exposure to ultraviolet light with a wavelength of 365 nm. Moreover, SU8 is considered as a biocompatible material, which is important for nanomedical applications of NIL [8].
F. Molds
Master molds were made on Si using standard photolithography and plasma etching techniques. The molds used for the JR-NIL were made with PDMS, a common soft lithography material, by spincoating a thin PDMS resin onto the Si master molds followed by thermal curing in a vacuum oven. PDMS is useful for its high fidelity copying in the low nanometer range and its hydrophobic nature.
The hydrophobicity of PDMS with low surface energy aids in the demolding process, i.e. SU8 coated PET releases easily from the PDMS mold ramped imprint roller.
III. CHARACTERIZATION OF JETTING
We began by experimenting with various jetting parameters to determine its characteristics. We kept the piezoelectric nozzle voltage control waveform constant during experiments, instead altering the solution mixture. By mixing SU8 and thinner in various quantities, fluid viscosity can be changed.
As shown in the Figure 2a , there is a strong correlation between droplet diameter and height and the concentration of SU8 in the solution. Droplet diameter increases with a decrease in SU8 concentration (and therefore a decrease in viscosity), except for at 25% SU8 concentration, where droplet diameter decreases. This can be explained by examining Figure 2b , which shows a strong exponential correlation between droplet height and increasing viscosity. With decreasing viscosity, droplets become wider and shorter; at 25% SU8 concentration, jetted droplets are approximately 0.05 μm tall. The reason that droplet diameter probably decreases at this mixture ratio is that this is likely the lower bound for droplet height, so for a given volume of SU8, the droplet cannot be any shorter so therefore must decrease in diameter.
Calculating droplet volume based on diameter and height yields insight into the relation between droplet volume and viscosity. Comparing the volume of SU8 jetted in a single droplet to SU8 concentration shows a slight exponential relationship between increasing SU8 volumes and increasing concentration, though not nearly as strong as for droplet height. Factoring in this data with knowledge of the original solution concentration yields a correlation between original droplet volume and SU8 concentration that appears nearly linear. Figure 2c shows the typical SU8 droplets created by jetting of a mixture of SU8: thinner (2:1).
By printing droplets close enough to each other, they can be made to merge into lines and films. As shown in Figure 3 , creating lines is dependent upon the x-spacing between the dots; droplets will begin to merge when the x-spacing is less than the droplet diameter. Creating films is an extension of creating lines; whereas lines are placing droplets close enough in the x-direction that they are forced to merge, creating films is done by placing lines close enough in the y-direction that they begin to merge. The y-spacing is dependent on the speed of the web and the x-length (x-length being the total length of the line, governed by x-spacing and the number of droplets per row). Since the web speed is a constant, the y-spacing can be manipulated by suitably changing the x-lengths. This however places limits on the maximum width of the film, which is now limited by printhead travel speed and web speed. The advantage of using jetting for creating a polymer film is that the film uniformity and thickness can be well controlled by controlling x-y spacing and SU8 dilution ratio. This in-situ control of uniform film thickness by jetting can avoid issues of doctor blade or flattening rollers used by other groups previously [6, 7] . Moreover, there is no waste of materials, which is advantageous compared to spincoating where >80% of polymer is spun off the substrate. This is particularly important to save material and cost when expensive functional polymers are used.
IV. INVESTIGATION OF IMPRINTING
Initial imprinting was conducted with a PDMS mold with 10 μm gratings and a depth of 200 nm. From these trials we learned that a solution with 1:2 SU8:thinner generally creates the best film without voids. Films will be thicker at the front, back, and side edges, and imprints will be better defined here.
Applying too much pressure to the imprint roller can halt the forward movement of the webbing; this can be remedied by increasing belt tension. After increasing belt tension, we were generally able to apply roughly 40lbf at the imprint roller, which would be distributed along the 4cm width of the mold. Trials were conducted by moving samples by hand directly to the imprint roller when jetting was completed, to bypass the lengthy amount of time it would take the sample to travel along the webbing from the jetting area to the imprinting area, approximately 21 minutes. We found that significant amounts of solvent would evaporate during this travel time, severely hindering imprinting results.
The SEM images in Figure 4 shows the imprinting results after process improvements. These were formed by a PDMS mold with a variety of microstructures, including gratings, holes, and columns of various sizes, down to a minimum feature size of 1μm. These structures have been imprinted completely across a film measuring 1 inch wide and 3 inches long. The pattern quality and uniformity of these SU8 structures are similar to what we have done using the planar NIL system (Obducat 2.5) with the Si master molds on spincoated SU8, therefore proving the concept of JR-NIL process is feasible.
There are also limitations and issues that we will need to address in the near future. First, at the large scale shown in Figure 5 , relatively macroscale errors of the imprinting process can be noticed. One feature to observe is the way the imprint appears to have a bend in it right down the middle of the image. This may be caused by the mold being placed slightly crooked on the roller, or it may be caused by mold deformation during imprinting. Another macroscale issue is visible in the upper right, where there appears a large non-uniform area with very light or no imprints. This may be caused by the resist failing to demold in that area, or it may be caused by mold damage after so many trials. Another issue as we mentioned earlier is the solvent drying during the webbing process. To achieve continuous JR-NIL over long time for scale-up production, we will need to either slow down the vapor evaporation, use low vapor pressure solvent/resist, or speed up the web moving to enable good imprint quality. An jet rollable nanoimprinting tool and process using a piezoelectric jetting of the resist is built and tested. Printhead parameters and solution concentrations are analyzed to determine jetting output characteristics, leading to the formation of dots, lines, and uniform films of SU8 of controllable sizes and heights. Imprinting trials demonstrated the ability to quickly and consistently transfer microscale patterns from a PDMS mold to the deposited SU8 with good patterning resolution and quality. Future work remains to enable a continuous printing by addressing vapor evaporation issues. Furthermore, this technique will also be investigated at nanoscale.
